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ABSTRACT
The protonation mechanism in Mn-doped CaZrO3 (CZM), which involves a direct hydrogen 
dissolution from the surrounding H2 gas, was investigated by thermogravimetry (TG) and X-ray 
absorption spectroscopy (XAS). The TG results implied the formation of oxygen vacancies in a
H2 atmosphere. The Mn K-edge XAS spectra indicated a reduction of the Mn ions and local 
structure variations around the Mn ion, but the Zr K-edge spectra were independent of the 
surrounding atmosphere. The amount of oxygen vacancies was smaller with respect to the 
reduction of the Mn ions, suggesting direct dissolution of hydrogen. Unlike many typical 
perovskite-type proton conductors, protonation by direct dissolution of hydrogen and not hydration 
was the predominant reaction in Mn-doped CaZrO3. Our experimental results demonstrated that 
the hydration reaction was suppressed because the oxygen vacancy was stable in the distorted ZrO6
symmetry in the CaZrO3 crystal host, whereas protonation proceeded by the direct dissolution of 
hydrogen stabilizing near the Mn ions in the interstitial sites at the distorted MnO6 octahedron 
symmetry. The experimental results showed that the structural configurations around dopants play 
important roles in the stabilization of protons in perovskite-type CZM materials. We demonstrated 
a new group of proton conductors that can overcome issues with conventional proton conductors 
by utilizing the direct hydrogen dissolution reaction. 
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1. INTRODUCTION
A solid oxide fuel cell (SOFC) uses an oxide electrolyte in which oxygen ions diffuse. It 
operates at a high temperature (about 1073-1273 K), which enables high-efficiency and high-
power generation. Practical uses have already been reported.1-4 However, the high operating 
temperature has become a hurdle for full-scale dissemination. A perovskite-type proton conducting 
oxide hold promise as an electrolyte in intermediate temperature SOFCs (IT-SOFC), or it is also 
referred as proton ceramic fuel cell (PCFC), because it exhibits a high diffusion of protons below 
873 K under a water vapor atmosphere.5-12 Perovskite-type oxides of acceptor-doped BaCeO3 and 
BaZrO3 show high proton conductivities, and they have been mainly examined as electrolytes for 
PCFCs.13-22 Generally, BaCeO3 materials show higher proton conductivity compared to that of 
BaZrO3 materials. However, the BaCeO3 materials are unstable against a CO2 or H2O
atmosphere.6,19 Hence, a chemically stable proton conductive oxide with an excellent mechanical 
strength is necessary for practical PCFC applications. The perovskite-type oxide of CaZrO3 is 
chemically stable and has an excellent mechanical strength,23-25 but its proton conductivity is 
unfortunately poor due to the low solubility of protons.26,27
Protonation in the acceptor-doped CaZrO3 such as In-doped CaZrO3 has been explained 
–Vink notation28 as follows:
Doped In3+ ions substitute for Zr4+ ions, resulting in the formation of oxygen vacancies as
In O  2In + + 3O× (1)
Protonation via the hydration reaction through an oxygen ion vacancy in a wet condition as 
H O + O× + 2OH (2)
4
The protons in In-doped CaZrO3 only dissolve about several% of the oxygen ion vacancy 
concentration.26 Hence, protons are not saturated with respect to the amount of the oxygen 
vacancies. On the other hand, protons in Y-doped BaZrO3 are substantially saturated in the oxygen 
vacancies.5,6,29 The difference in the hydration reaction between CaZrO3 and BaZrO3 may be 
explained by the basicity of the oxygen lattice as suggested by Kreuer.6
BaZrO3 shows a symmetric cubic structure and the ZrO6 octahedra are connected in an 
ordered symmetry, while CaZrO3 is an orthorhombic structure consisting of ZrO6 octahedra with 
corner sharing and a distorted symmetry. Takahashi et al.30 reported the density functional theory 
(DFT) computation analysis of acceptor-doped BaZrO3, and evaluated the hydration reaction for 
different dopant elements. They suggested that the hydration reaction is affected by the local 
structural configuration as well as the formation of oxygen vacancies. Protons in BaZrO3 materials 
are prone to stabilize away from the distorted configuration. Islam et al.31 also reported DFT 
calculation results in BaZrO3 materials. The binding energies of dopants and hydroxyl pairs varied 
by the different acceptor species, which implied the stability of protons may be related to the 
basicity as well to the local structure. Therefore, in addition to the lower basicity of Ca based 
compounds, the low proton dissolution in the CaZrO3 materials may be due to its local structure 
in which the apex-oxygen connection of ZrO6 octahedron is highly distorted. 
Okuyama et al.32 reported a redox protonation in a Mn-doped Ca(Zr1- xMnx)O3- (CZM) 
material in which hydrogen directly dissolves in the H2 atmosphere. The electron spin resonance 
spectra indicate that the Mn ions are reduced in a H2 atmosphere. Accordingly, H2 gas directly 
dissolves into the crystal to satisfy the electroneutrality of CZM. The hydrogen dissolution reaction 
is described by the following equations
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Mn× + 1 2 H + O× Mn + OH (3)
Mn + 1 2 H +O× Mn + OH . (4)
Generally, the formation of oxygen vacancies compensates for the reduced valences of the 
acceptor ions,33,34 and the hydration reaction proceeds in wet gas conditions. Therefore, hydration 
reaction expressed in equation (2) depends only on H2O activity and independent on the H2 activity. 
However, the proton conductivity of CZM depends only on the H2 activity of the atmosphere, and 
the proton conductivity increases with the increase in the H2 activity of the surrounding 
atmosphere. These dependences cannot be explained by the conventional hydration reaction.
Based on the electromotive force (EMF) of a gas concentration cell using CZM as the electrolyte, 
proton is the predominant carrier in the H2 atmosphere. EMF of the water vapor concentration cell 
at a constant H2 activity is not observed. Hence, the oxide ion conductivity is very small compared 
to the proton conductivity. In addition, the IR absorption spectra show O-H vibrations only in a 
H2 atmosphere. Therefore, the protonation reaction in CZM is explained by the hydrogen 
dissolution using the redox reaction of the Mn ions expressed in equations (3) and (4) but not the 
hydration reaction expressed in equation (2). 
Direct dissolution of hydrogen by the redox reaction of transition metals was reported in Ni-
and Co-doped sapphire a-Al2O3 by Günthard et al. in 1966.35 Ni3+ and Co3+ in Al site are reduced 
to Ni2+ and Co2+ in H2 atmospheres, and proton dissolves to charge compensate the valence 
changes of the transition metals.36,37 Also, Matsumoto et al. 38 reported the redox protonation 
reaction proceeding in Mn-doped SrZrO3. Conventionally, rare-earth elements such as Y- and In-
doped in AZrO3 (A=Ca, Sr, Ba) materials are charge compensated by the formation of oxygen 
vacancies. Then, the protons dissolve by the hydration reaction via oxygen vacancies in the H2O
containing atmospheres. This reaction is essentially dependent on the oxygen vacancy
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concentration. In addition, the hydration reaction is determined both by the diffusion of protons
and the oxide ions.6 Consequently, lowering the operation temperature is difficult. In contrast, for 
3d transition metal-doped perovskite-type oxides such as Mn-doped SrZrO3 and CaZrO3
materials, hydrogen directly dissolves into the crystal to compensate for the charge reduction of 
Mn ions in a H2 atmosphere. Ideally, it depends only on the H2 activity and hole concentrations,
and it is independent on the diffusion of protons and the oxide. Hence, it has a potential to be used 
at the lower-temperature operations for PCFCs.
The redox protonation in Ni- and Co- doped a-Al2O3 was explained solely by the dissolution 
of hydrogen because the other defects such as the oxygen vacancy are unlikely formed in H2
atmosphere. However, in the case of AZrO3 materials, oxygen vacancy also formed in H2
atmosphere, and hydration reaction proceeds in the H2O containing atmosphere. Hence, the redox 
protonation in Mn-doped CaZrO332 and SrZrO338 exists in competition with the conventional 
hydration reaction. We presume that both the hydration reaction and redox protonation reaction 
are effected by the variations of the crystal structure of the materials. To understand the hydrogen 
dissolution reaction occurring in CZM, herein X-ray absorption fine structure (XAFS) analysis is 
applied to evaluate the electronic and local structures of the Mn and Zr ions. The X-ray absorption 
near edge structure (XANES) was analyzed to evaluate the valence changes of the Mn and Zr 
ions. Furthermore, the extended X-ray absorption fine structure (EXAFS) was analyzed to assess
the local structure variation caused by the valence change of the Mn ions and the dissolution of 
protons. In addition, we evaluated the evolution and dissolution of oxygen and hydrogen from 
thermogravimetry measurements. The relationship between the proton dissolution and local 
structural variations is discussed.
7
2. EXPERIMENTAL SECTION
2.1 Sample Preparation and XAFS Measurement
Samples of Ca(Zr1-xMnx)O3- (x=0.015, 0.005) were prepared by a solid-state reaction 
method.32 Reagent-grade CaCO3 (High Purity Chemicals, 99.99%), ZrO2 (Tosoh, 99.9%), and 
MnCO3 (Aldrich, 99.9%) powders were weighed, mixed in a zirconia mortar with ethanol, and 
calcinated at 1573 K for 10 h in air. The calcinated powders were ground in ethanol by a ball mill 
for 1 h. The powders were pressed into pellets by a cold isostatic press at 250 MPa and sintered at 
1773 K for 10 h in air. 
The Ca(Zr1-xMnx)O3- (x= 0.05) samples were prepared by a chemical solution method. 
Reagent-grade Ca(NO3)2 5H2O (Wako, 99.9%), ZrO(NO3)2 2H2O (Kanto Kagaku, 99.9%), and 
Mn(NO3)2 6H2O (Wako, 99.9%) were weighed and added into an aqueous solution sequentially 
with continuous stirring at 423 K. EDTA (Dojindo, 99%) and citric acid (Wako, 98%) were then 
added as chelating agents with a 1:1:1 molar ratio of the total metal ions to EDTA and citric acid. 
An ammonium hydroxide solution (Kishida Kagaku, 28.0% NH3 in H2O) was added to promote 
the dissolution of EDTA and to adjust the pH between 8 and 9. The solution was then heated under 
stirring to evaporate water until it changed into a viscous gel. The gel was then heat-treated at 623 
K to obtain a solid precursor and calcined at 1173 K for 10 h in air. Finally, the calcined powder 
was sintering at 1673 K for 10 h in air.
The X-ray diffraction (XRD) profiles of all samples gave a well-defined perovskite pattern 
of CaZrO3. The powders were heat treated under different hydrogen / oxygen partial pressures at 
1073 K for 20 h for Ca(Zr1-xMnx)O3- (x=0.05), and 12 h for Ca(Zr1-xMnx)O3- (x=0.015 and 
0.005). The crystal structure of the powders annealed in these atmospheres were measured using 
X-ray diffraction (XRD, Miniflex600, Rigaku) with Cu K radiation at room temperature. Rietveld 
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refinement was carried out, and the lattice parameters for each sample were determined. 
Thermogravimetry (TG) was measured using TG (STA 449 F1 Jupiter, NETZSCH) under O2 and 
H2 atmospheres at the constant temperature of 1073 K. The water vapor of the gas was controlled 
by introducing the gas through a water bubbler set in the temperature controlled water bath. The 
water bath was set at 290 K. It corresponds to a water vapor pressure P(H2O) of 0.019 bar.
The XAS measurements of the Mn and Zr K-edges were performed using beamline BL01B1 
at SPring-8 (Hyogo, Japan).39 The Zr K-edge spectra were measured in the transmission mode 
using Si (311) double-crystal monochromator. The energy scale was calibrated using a Zr foil. The 
intensities of incident and transmitted X-rays were simultaneously monitored by ionization 
chambers. The Mn K-edge spectra were measured in the fluorescence mode using Si (111) double-
crystal monochromator. The energy scale was calibrated using a Cu foil. The intensities of incident 
and transmitted X-rays were simultaneously monitored by ionization chambers and 19-element Ge 
solid–state detector respectively. The XAFS spectra were analyzed by the IFEFFIT program code 
using ATHENA and ARTEMIS. 40
3. RESULTS
3.1 X-ray Diffraction Measurements  
The XRD profiles for Ca(Zr1-xMnx)O3- x=0.005, 0.015 and 0.05) annealed in various O2
and H2 atmospheres are shown in Fig. 1(a), (b) and (c), respectively. The XRD peaks coincided 
with that of pure CaZrO3, implying a single phase of Mn-doped CaZrO3 materials. The observed 
peaks were assigned to the orthorhombic phase (space group: Pnma). The XRD patterns were 
fitted with Rietveld analysis using software of PDXL2 (Rigaku, Japan) which works based on 
RIETAN-FP.41 (One of the Rietveld refinement results is shown in Fig. S1). The lattice parameters 
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are shown in Table.1. The lattice volume decreased with the increasing the Mn content due to the 
smaller Mn ionic radius compared to the Zr ions, implying the Zr sites are replaced with the Mn 
ions.
Figure 1(d) plots the lattice volumes as functions of the hydrogen partial pressure P(H2) and 
the oxygen partial pressure P(O2). The lattice parameters were larger for the H2-annealed samples 
compared to those for the O2-annealed samples. This is due to the larger Mn ionic radius for the 
lower valence states in H2 atmospheres. The valence changes of the Mn ions are discussed in detail 
from the XAFS results in Section 3.3. In addition, the color of the CZM powders changed between 
the O2 and H2 atmospheres. The O2 annealed powders were a dark color, while the H2 annealed 
powders showed a pinkish color (Fig. S2). The color difference between the O2 and H2
atmospheres implied a change in the electronic structures.
3.2 TG Measurements
At a constant temperature of 1073 K, weight loss was observed after the atmosphere was 
changed from 0.8%O2-99.2%Ar gas to 0.8%H2-99.2%Ar gas in CaZr0.95Mn0.05O3- (Fig.2). In a 
dry H2 atmosphere, the evolution of oxygen should cause a decrease in weight, while the 
dissolution of hydrogen should result in an increase in weight. The decreased weight in 0.8%H2-
99.2%Ar confirmed the formation of oxygen vacancies, but the amount could not be calculated 
from the results since a certain amount of hydrogen dissolution should increase the weight in a H2
atmosphere. 
Water vapor was introduced to 0.8%H2-99.2%Ar gas at a water vapor pressure P(H2O) of 1.9
bar. The weight increased, which implied the dissolution of water by the hydration reaction 
(Eq.(4)). Finally, the introduction of 0.8%O2-99.2%Ar wet gas increased the weight, which is 
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simply explained by the dissolution of oxygen from the surrounding O2 atmosphere. Details of the 
concentrations of oxygen vacancies and protons are discussed with the XAFS results in the 
Discussion.
To validate the electronic and local structures of CZM in the O2 and H2 atmospheres, we 
conducted the XAFS measurements. 
3.3 XAFS Measurements
3.3.1 Zr K-edge XANES and EXAFS Spectra
The Zr K-edge XANES spectra of the CZM samples at various O2 and H2 annealing 
atmospheres are shown in Fig.3. The Zr K-edge spectrum was almost unchanged, indicating that 
the electronic states of the Zr ions are unchanged. The absorption edge of the CZM samples 
coincided with that of ZrO2, suggesting the samples have tetravalent (Zr4+) states. Figure 4 shows 
the Zr K-edge EXAFS oscillations of the samples at various annealing atmospheres. The 
absorption energy E0 was selected as the energy of the 1/2 of the normalized absorption jump. 
Figure 5 shows the amplitudes of Fourier transforms (R) obtained from k3-weighted EXAFS 
oscillations. The weighted spectra were Fourier transformed in a k space of 3 to 14 Å 1. The spectra 
were mostly unchanged, implying that the local structure around the Zr ions was unchanged 
between the O2 and H2 atmospheres.
3.3.2 Mn K-edge XANES Spectra
The Mn K-edge XANES spectra of the CZM samples annealed at various O2 and H2
atmospheres are shown in Fig. 6. Included are the spectra for MnO, LaMnO3, and CaMnO3 as 
references for the Mn2+, Mn3+, and Mn4+ states, respectively. CZM had an orthorhombic 
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perovskite-type structure (space group: Pnma). The reference sample of CaMnO3 (Mn4+) had the 
orthorhombic perovskite-type structure of the Pnma space group. The LaMnO3 (Mn3+) had the 
orthorhombic perovskite-type structure of the Pbnm space group, and the MnO6 octahedron is 
distorted by the Jahn-Teller effect. For the tetravalent ion reference, MnO (Mn2+) of a cubic 
structure (space group: Fm-3m) was used because a material with a similar local structure could 
not be obtained.
The edge energy of CZM in an O2 atmosphere was similar to that of CaMnO3, suggesting the 
mean oxidation state of Mn was close to 4+. The edge energy shifted to a lower photon energy in 
a H2 atmosphere compared to that of an O2 atmosphere, implying that the Mn ions were reduced 
between 3+ and 2+ in a H2 atmosphere. The edge energy of the O2-annealed samples was 
independent of the O2 activities, while the edge energy of the H2-annealed samples depended on 
the H2 activities and the Mn ion concentrations. The edge energy shifted to a lower energy for 
higher H2 and Mn ion concentrations. 
3.3.3 Mn K-edge EXAFS Spectra
Figure 7 shows the Mn K-edge EXAFS oscillations of the CZM samples at various O2 and 
H2 atmospheres. The EXAFS oscillations were different between the O2 and H2 atmospheres, 
reflecting changes in the local structures between oxidizing and reducing atmospheres. Figure 8 
shows the amplitudes of the Fourier transforms (FT) obtained from EXAFS oscillations. The 
weighted spectra were Fourier transformed in a k space of 3 to 12 Å 1.
To evaluate the EXAFS oscillation and FT spectra, backscattering curved wave amplitude 
and its phase, and FT amplitude of the single scattering paths of the nearest O, Ca and Zr ions were 
simulated by the FEFF mode around the Mn ion. The crystal structure of CZM for FEFF 
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calculation was obtained by the Mn ion replacing the Zr site in the CaZrO3 structure (ICSD 97464)
42. (See Tables S1 and S2 for details about the crystal structure and Fig.S3 for the simulated 
spectra.) The first coordination shell represented the Mn-O distances of the MnO6 octahedron in 
which the six Mn-O distances were similar. The second coordination shell represented the Mn-Ca 
distances of the MnCa12 hexahedron in which three distinct Mn-Ca distances exist. The third 
coordination shell corresponded to the Mn-Zr distance of MnZr6 octahedron. 
The simulated FT spectra were calculated as an isomorphic substitution of a Mn ion in a Zr 
site. The simulated FT peak of the third coordination shell corresponding to Mn-Zr was large
compared to the experimental FT spectra of CZM. Hence, it suggests that the actual position of 
the Mn in CZM was different from the original Zr site. For the O2-annealed CZM samples, the 
intensity of the first FT peak, which represented the Mn-O distance, was large, while those of the 
second and third peaks, which represented the Mn-Ca and Mn-Zr distances, were weak. For the 
H2-annealed CZM samples, the first FT peak intensity decreased with the increase of H2 activity. 
The decrease of FT intensity implied a decrease in the coordination number of oxygen and/or 
distortion of the MnO6 octahedron symmetry. 
3.3.4 Mn K-edge XAFS Spectra in Dry and Wet Atmospheres
To evaluate the influence of water vapor on the electronic and local structures, we investigated 
samples annealed in a dry atmosphere. A dry atmosphere was prepared by passing gases through 
phosphorus (V) oxide (Wako, 98%). The Mn K-edge XAFS spectra of Ca(Zr1-xMnx)O3-
(x=0.005 and 0.05) were almost the same for the dry and wet atmospheres in the O2 and H2
atmospheres (Fig.S4 and Fig.S5). Hence, the electronic states of the Mn ions were independent 
of the H2O contents. The FT spectra of the annealed samples in the dry gases also showed that 
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the first FT peak decreased in the H2 atmospheres compared to the O2 atmospheres (Fig. S6). 
Therefore, the variations of the electronic and local structures in the O2 and H2 atmospheres were 
independent of the H2O activity. Hence, the electronic and local structure variations between the 
O2 and H2 atmospheres were attributed to both the formation of oxygen vacancies and the redox 
protonation reaction, but not the hydration reaction.
4. DISCUSSION
The XRD results showed that CZM maintained its space group in both O2 and H2 atmospheres. 
Because the Mn ions replaced the Zr sites, the local structure of the Mn and Zr ions should be the 
same. However, the XANES spectral shape at the Zr K-edge (Fig. 3) and the Mn K-edge (Fig. 7) 
differed, suggesting different local structures around the Zr ions and the Mn ions as the XANES 
spectrum reflects the local structure symmetry. In addition, as already discussed in Section 3.3.3,
different FT intensity of the third coordination shell around 3.5 Å (in Fig.8 and Fig.S3) between 
the experimental spectra and the simulated spectra also suggested the different local structures for 
the Mn and Zr ions. There is no contradiction in the Mn K-edge XANES spectra and the EXAFS 
spectra. This is supposedly due to the smaller ionic radius of the Mn ions partially substituted in 
the larger Zr sites. During the protonation reaction in CZM, the local structure around the Zr ions 
was nearly unchanged, whereas that of the Mn ions depended on the surrounding atmosphere.
Figure 9 shows the Mn K-edge photon energies at an absorbance of 0.5 for Ca(Zr1-xMnx)O3-
(x=0.05, 0.015 and 0.005), which is plotted as functions of P(H2) and P(O2). Additionally, those 
of MnO (Mn2+), LaMnO3 (Mn3+), and CaMnO3 (Mn4+) are shown as references for the Mn 
valence states. In an O2 atmosphere, the edge energy was between those of Mn4+ and Mn3+ states 
but much closer to that of the Mn4+ state. The K-edge photon energy shifted to a lower energy in 
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a higher P(H2) atmosphere, indicating a reduction of the Mn ions in a reduced atmosphere. For 
Ca(Zr1-xMnx)O3- (x=0.005 and 0.015), the K-edge photon energies were close to the Mn3+ state, 
while those of Ca(Zr1-xMnx)O3- (x=0.05) further shifted to a lower energy toward the Mn2+ state. 
The average valence states of the Mn ions decreased with the increase in H2 activity. The larger 
shift of K-edge photon energy for Ca(Zr1-xMnx)O3- (x=0.05) compared to Ca(Zr1-xMnx)O3-
(x=0.015 and 0.005) implies a partial deposition of the Mn ions from the crystal host. However, 
neither Mn metal nor MnO were recognized from the XRD results (Fig.S7). Hence, the amount of 
the deposited Mn ion is supposedly small, if any. 
The Mn-O distances were obtained by fitting the EXAFS spectra. The first coordination shells 
were fitted in the q space of the reverse FT spectra obtained between a radical range of 1 and 2 Å. 
The amplitude reduction factor S02, Debye-Waller factor , phase shifts E0, and distances r for 
the fitting were calculated by the FEFF code based on the structure models of CaZrO3 where Zr 
was replaced by the Mn ion. The S02 value was fixed to 0.858, which was determined from the 
preliminary fitting of MnO powder. The fitted results are shown in Table 2. The Mn-O distances 
of the CZM samples in the O2 atmospheres differed by the Mn concentrations; the Mn-O distance 
decreased with the increase in the Mn concentration as shown in Fig. 10. 
Considering the Shannon’s ionic radius43 of Zr4+ (0.720 Å) and Mn4+ (0.530 Å), it is 
reasonable that Mn-O distance decreased with the increasing the content of smaller Mn4+ ions in 
the Zr4+ sites. This reflects the partial replacement of the Mn ions in the Zr sites of CaZrO3. The 
coordination numbers obtained by the EXAFS fitting were smaller than 6 of MnO6 octahedron 
coordination. Hence, oxygen vacancies were already formed in the samples prepared in the O2
atmospheres. This assertion is supported by the results of the XANES analysis where the valence 
states of the Mn ions were lower than Mn4+ state in Zr4+ sites. Moreover, the coordination numbers 
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decreased in a H2 atmosphere, which represented an increase of oxygen vacancies. Per G. Sundell 
et al.44 calculated interactions of various dopant atoms (Gd, In, Nd, Sc, Y) and oxygen vacancies
in BaZrO3 materials, and suggested that the oxygen vacancies are likely to be trapped near the 
dopant sites in the material. M. S. Islam et al.28 discussed the association between the dopant ion 
and the protonic defect in BaZrO3. The position of proton shifts towards a neighboring oxygen 
and dopant ion. The lowest binding energies are for Y and Gd, and the strongest association is for 
Sc. The longest dopant–proton distances are for the Gd- and Y-dopants, and it mirrors the variation 
in binding energy. Recently, Takahashi et al..30 reported the formation energy of oxygen vacancies 
in BaZrO3 materials. The oxygen vacancies are likely to occupy the acceptor ion coordination 
sphere rather than that of Zr. For smaller dopants, such as Al-, Ga-, and Sc-doped BaZrO3, protons 
at the nearest neighbor are favored. Meanwhile, larger dopants, such as Y-, In-, and Lu-doped 
BaZrO3, preferred the second nearest neighbor site. The dopant and proton incorporation in 
CaZrO3 was reported by J. D. Gale et al.45,46 The small lanthanide dopants such as Sc, Yb in 
CaZrO3 are predicted to substitute on the Zr-site, and oxygen vacancies are formed to charge 
compensate the trivalent dopants. The proton transfers from one oxygen ion to the next. These 
DFT calculations suggested that stability of the protonic defects in the perovskite-type oxides are 
sensitive to the local structure, such as the type of acceptor dopant ion and ion size, in addition to 
the basicity of the host crystal host.
The decrease in the first FT peak intensity of CZM in a H2 atmosphere reflected the reduced 
oxygen around the Mn and distortion of MnO6 octahedron. The EXAFS spectra for Ca(Zr1-
xMnx)O3- (x=0.05) in a H2 atmosphere showed a decrease in the FT intensity and shifted to a
longer Mn-O distance in the H2 atmospheres. The Mn ions were further reduced and the local 
structure around the Mn ions were distorted compared to Ca(Zr1-xMnx)O3- (x=0.005 and 0.015),
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implying that multiple coordination paths were formed around the Mn ion. In a H2 atmosphere, 
both the dissolution of hydrogen and the formation of oxygen vacancies proceeded to compensate 
for the charge reduction of the Mn ions. The DFT calculation suggested the variation of local 
structure around the dopants for the trivalent lanthanide doped perovskite-type oxides. Our results 
experimentally showed that the variation of local structure around Mn ion in CaZrO3, which varied 
depending on the dopant concentrations and ionic size of the dopant. In addition, the crystal host 
of CaZrO3 materials was composed by the apex-oxygen connections of ZrO6 octahedron. The 
apex connection was highly distorted in CaZrO3 materials compared to straightly connected ZrO6
octahedra in the BaZrO3 materials. Therefore, we presumed that the hydration reaction via oxygen 
vacancy was suppressed in the CaZrO3 materials, as the oxygen vacancy was stable in the distorted 
ZrO6 symmetry. However, the protons dissolved by the direct hydrogen dissolution were stabilized 
near the Mn ions in the interstitial sites at the distorted MnO6 octahedron symmetry. 
The TG results of Ca(Zr1- xMnx)O3- (x=0.05) showed that oxygen vacancies were formed in 
a dry 0.8% H2 atmosphere. The Mn K-edge XANES spectra of the dry 1% H2 atmosphere showed 
that the absorption edge was between that of MnO and LaMnO3. It was closer to that of MnO. 
Therefore, the Mn ion in Ca(Zr1- xMnx)O3- (x=0.05) should be between the Mn2+ and Mn3+ states. 
Assuming that the weight decrease in the TG measurement was caused by the formation of oxygen 
vacancies, the concentrations of oxygen vacancies, [ ] , was calculated using the following 
equation
= (5)
where w, ws, Ms, and MO are the weight change, the weight of the sample, the molar weight of 
the sample at the stoichiometric composition, and the molar weight of oxygen, respectively. The 
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calculated [ ] from the weight decrease was = 0.026. Assuming Ca2+, Zr4+, and O2- states 
and all the Mn ions were either Mn2+ or Mn3+ states, the oxygen vacancies were calculated for 
Ca(Zr1-xMnx)O3- (x=0.05) as = 0.05 or = 0.025, respectively. The TG results only 
corresponded to [ ] for Mn3+ state, but the XANES results suggested a further reduction than 
the Mn3+ state. 
If the reduced Mn ions to Mn2+ and Mn3+ states were fully charge compensated by the oxygen 
vacancies, they should have caused a further decrease in the weight of the TG measurements. 
However, the weight decrease only corresponded to that of Mn3+ state. Therefore, in addition to 
the formation of oxygen vacancies, the redox protonation reactions of Eq.(3) and (4) should have 
proceeded in this material in a dry H2 atmosphere. It was assumed that the estimated amount of 
oxygen vacancies = 0.026 was small compared to the actual 
The Mn K-edge XANES results showed no difference in the electronic state of the Mn ion 
between the wet and dry atmospheres. Hence, the weight increase in a wet 1% H2 atmosphere from 
a dry 1% H2 atmosphere was due to the hydration dissolution expressed by Eq. (2). Assuming that 
the weight changes by the evolution and dissolution of oxygen and hydrogen were negligible, the 
concentrations of protonic defect [OH ] were twice the concentration of the dissolved water[H O] from Eq.(2). Then the [OH ] values were calculated from the TG results using the
following equation 
[OH ] = 2[H O] = 2 (6)
where OH2M is the molar weight of water. The calculated [OH ] from the weight increase in 
1% H2 gas from a dry to a wet atmosphere was [OH ]=0.0028, which was small compared to the 
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potential amounts of oxygen vacancies in Ca(Zr1-xMnx)O3- (x=0.05). This is consistent with the 
fact that the hydration reaction was suppressed in the CZM materials.
The water dissolution was reported to be small in CaZr0.9In0.1O3- ; it is about 1/40 of that 
typical proton conducting oxides SrCe0.95Yb0.05O3- and BaCe0.95Yb0.05O3- .26 Hence, the 
hydration reaction proceeds poorly in the CaZrO3 materials. Okuyama et al. reported the electrical 
conductivity of CZM in which the electrical conductivity was one order of magnitude higher than 
that of CaZr0.9In0.1O3- in a H2 atmosphere.32 This is explained by the increased proton 
conductivity owing to the additional protonation via hydrogen dissolution in CZM. On the other 
hand, the activation energies calculated from the electrical conductivity in a H2 atmosphere were 
0.66 eV and 0.63 eV for Ca(Zr1-xMnx)xO3- x=0.05 and 0.005, respectively, which were similar 
with those for CaZr0.9In0.1O3- 47 and in the DFT calculation46,48,49 in In-doped CaZrO3.
The proton diffusion mechanism in the bulk should be the same for Mn-and In-doped CaZrO3
materials in spite of the different protonation mechanisms. Unlike many of typical perovskite-type 
proton conductors, protonation by direct dissolution of hydrogen is predominant in CZM not 
hydration. This is a phenomenon specific to the perovskite-type oxides. Therefore, the 
concentration of protonic defects could be tailored by controlling the local structure. The results 
in this paper experimentally showed that the structure configurations around the dopants play 
important roles in the stabilization of protons. To optimize the advantages of CaZrO3 materials, 
tailoring of the local structures should improve the proton dissolution and proton conductivity.
5. CONCLUSION
The TG analysis revealed the evolution of oxygen and the dissolution of hydrogen in the H2
19
atmospheres. The XAFS results showed that the valence states of the Mn ions changed from the 
tetra/tri-valent states in an O2 atmosphere to the tri/di-valent states in a H2 atmosphere. In contrast, 
the electronic state and local structure of the Zr ions were mostly unchanged between the O2 and 
H2 atmospheres. The average valence states of the Mn ions decreased with the increase of the H2
activity and the Mn ion concentrations. These results support the hydrogen dissolution reaction in 
CZM where protons were directly dissolved to the crystal to charge compensate for the reduced 
Mn ions. Moreover, the MnO6 octahedron was distorted in a H2 atmosphere, which also depended 
on the H2 activity and the Mn ion concentrations. The hydrogen dissolution reaction caused 
distortion of the local structure around the Mn ions, indicating the dissolution of protons near the 
reduced Mn ions sites. This paper experimentally showed that the structural configurations around 
dopants play important roles in the stabilization of protons in perovskite-type CZM materials.  
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Table 1. Lattice parameters of Ca(Zr1-xMnx)O3 (x=0.005, 0.015, 0.05) in the O2 atmospheres and 
H2 atmospheres in the space group of Pnma.
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Table 2. Fitting results of the first coordination shells in the q space of the reverse FT spectra of 
Mn K-edge obtained between radical range of 1 and 2 Å . Numbers in bracket indicate the 
standard deviation.
Figure 1. XRD profiles of Ca(Zr1-xMnx)O3- x= (a) 0.005, (b) 0.015 and (c) 0.05 in the O2
atmospheres and H2 atmospheres. (d) The volumes calculated from the lattice parameters 
obtained from the Rietveld analysis. 
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Figure 2. The weight change of CaZr0.95Mn0.05O3- in 0.8 %O2-99.2 %Ar gas and 0.8 %H2-
99.2 %Ar gas in dry and wet (P(H2O)= 0.019 bar) conditions.
3
Figure 3. Zr K-edge XANES spectra of Ca(Zr1-xMnx)O3- x= (a) 0.005, (b) 0.015 and (c) 0.05
in O2 atmospheres and H2 atmospheres. Included are the spectra for Zr foil and ZrO2 as 
reference spectra for Zr0 and Zr4+ ions, respectively.
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Figure 4. Zr K-edge EXAFS oscillation of Ca(Zr1-xMnx)O3- x= (a) 0.005, (b) 0.015 and (c)
0.05 in the O2 atmospheres and H2 atmospheres.
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Figure 5. The amplitudes of Fourier transforms obtained from EXAFS oscillations of CaZr1-
xMnxO3- x= (a) 0.005, (b) 0.015 and (c) 0.05 in the O2 atmospheres and H2 atmospheres.
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Figure 6. Mn K-edge XANES spectra of CaZr1-xMnxO3- x= (a) 0.005, (b) 0.015 and (c) 0.05
in the O2 atmospheres and H2 atmospheres.
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Figure 7. Mn K-edge EXAFS oscillation of CaZr1-xMnxO3- x= (a) 0.005, (b) 0.015 and (c) 
0.05 in the O2 atmospheres and H2 atmospheres.
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Figure 8. The amplitudes of Fourier transforms obtained from EXAFS oscillations of CaZr1-
xMnxO3- x= (a) 0.005, (b) 0.015 and (c) 0.05 in the O2 atmospheres and H2 atmospheres.
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Figure 9. The Mn K-edge energy at the absorbance of 0.5 for CaZr1-xMnxO3- x= (a) 0.005,
(b) 0.015 and (c) 0.05 as a a function of P(H2) and P(O2). Its energy of Mn2+, Mn3+ and Mn4+
states at P(O2)=0.21 bar is those for MnO, LaMnO3, and CaMnO3, respectively. 
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Figure 10. Comparison of the Mn-O bond length for CaZr1-xMnxO3- x= 0.05, 0.015 and 0.005 
annealed in the 98.1%O2 -1.9%H2O atmosphere.
